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ABSTRACT 24 
This study investigates hydrological responses to climatic shifts using sediment flux data derived 25 
from two dated palaeolake records in southeast (SE) Arabia. Flux values are generally low 26 
during the early Holocene humid period (EHHP) (~9.0 to 6.4 k cal a BP) although several short-27 
lived pulses of increased detrital input are recorded, the most prominent of which is dated 28 
between ~8.3 and 7.9 k cal a BP. The EHHP is separated from the mid-Holocene humid period 29 
(MHHP) (~5.0 to 4.3 k cal a BP) by a phase of increased sediment flux and aridity, which began 30 
between ~6.4 and 5.9 k cal a BP and peaked between ~5.2 and 5.0 k cal a BP. The termination of 31 
the MHHP is marked by a phase of high detrital sediment flux between ~4.3 and 3.9 k cal a BP. 32 
Whilst long-term shifts in climate are most likely linked to changes in the summer position of the 33 
Intertropical Convergence Zone (ITCZ) and associated Indian and African monsoon systems, it 34 
is noted that the abrupt, short-term phases of aridity observed in both records are coeval with 35 
intervals of rapid climate change globally, which triggered non-linear, widespread landscape 36 
reconfigurations throughout SE Arabia.  37 
 38 
KEYWORDS 39 
Arabia, sediment flux, Holocene, geochemistry, palaeolake 40 
 41 
INTRODUCTION  42 
It has long been recognised that the world’s low latitude regions were characterised by 43 
significant hydrological changes during the Late Glacial and Holocene in response to the shifting 44 
position of the Intertropical Convergence Zone (ITCZ) and associated monsoon rains (Sirocko et 45 
al., 1993; deMenocal et al., 2000; Fleitmann et al., 2007; Tierney and deMenocal, 2013; 46 
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Shanahan et al., 2015). Indeed, pioneering research by Alayne Street-Perrott documented 47 
widespread shifts in water balance from closed basin lakes in Africa, demonstrating major 48 
variations in rainfall and streamflow (Street and Grove, 1976, 1979). Her early work showed that 49 
the markedly arid conditions that characterised intertropical Africa during the Last Glacial 50 
Maximum (LGM) were followed by an early Holocene humid phase in which annual 51 
precipitation between 24°N and 8°S increased significantly. Further work suggested that these 52 
changes were driven by minimum precession and maximum insolation in the Northern 53 
Hemisphere (NH) (Kutzbach and Street-Perrott, 1985). The development of the Oxford Lake 54 
Level Data Bank (Street-Perrott et al., 1989) led to the compilation of records of lake status, a 55 
measure of relative water depth (low, intermediate, high), for lake basins that would have been 56 
closed for part, or all, of their late Quaternary history. This work suggested that high NH summer 57 
insolation in the early to mid-Holocene enhanced the thermal contrast between land and sea, with 58 
the resultant strengthening of the summer monsoon systems leading to high lake levels and the 59 
re-adjustment of vegetation across both hemispheres (Street-Perrott and Harrison, 1984, 1985; 60 
Kutzbach and Street-Perrott, 1985). Furthermore, palaeoclimate records from central and 61 
northern Africa suggested that orbital forcing alone was insufficient to produce conditions wetter 62 
than today (Yu and Harrison, 1996) and that positive feedback drivers also contributed to 63 
enhanced rainfall. Street-Perrott and Perrott (1990, 1993) demonstrated that closed lakes in the 64 
tropics and subtropics amplify climatic signals and are thus excellent indicators of variations in 65 
water budget. They suggested that short-term variations, which tend to reflect regional 66 
hydrological perturbations that are superimposed on more long-term, orbital variability, were 67 
coincident with injections of fresh water into the North Atlantic.  68 
 69 
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The climate of the Arabian Peninsula is complex and results from the interaction of major 70 
atmospheric systems, namely the ITCZ and associated monsoon circulation, as well as mid-71 
latitude Westerlies (MLW). Consequently the region is a key area for understanding climate 72 
change in low-latitude regions during the Late Glacial and Holocene. However, in comparison to 73 
other low latitude deserts, such as the Sahel-Sahara, few independent, age-constrained, high-74 
resolution records are available from Arabia, and those there are have revealed significant 75 
regional heterogeneity (sensu Thomas et al., 2012) during the Holocene (Berger et al., 2012). 76 
Speleothem records from Oman provide a detailed insight into Holocene hydrological changes 77 
caused by long-term shifts in the position of the summer ITCZ (Neff et al., 2001; Fleitmann et 78 
al., 2007). However, coming from mountain locations relatively close to the ocean and marginal 79 
to the peninsula as a whole, these records cannot readily be translated into evidence of wetter 80 
landscape conditions in the interior. Also emerging is a well-dated record of multiple periods of 81 
dune activity during the Holocene, derived from accumulation luminescence chronologies from 82 
sediment cores in Oman (Preusser et al., 2002), Liwa (Stokes and Bray 2005), and major dune-83 
sediment exposures throughout northern areas of the United Arab Emirates (UAE) (Atkinson et 84 
al. 2011, 2012). Gaps in dune accumulation cannot be interpreted, without other evidence, to 85 
represent wetter phases per se (Thomas and Burrough 2012, Leighton et al. 2014), and may be 86 
controlled by sediment supply rather than climate (Preusser 2009). Thus while a better 87 
framework of Arabian Holocene environments is emerging, the record, for the purposes of 88 
addressing critical questions relating to landscape response, is either spatially limited (and 89 
therefore at risk of over-extrapolation) or difficult to reconcile as a clear proxy of hydrological 90 
change.  91 
 92 
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This paper presents new data from two key sites of Holocene climate variability in southeast 93 
(SE) Arabia; Awafi palaeolake and Wahalah palaeolake (Fig. 1). Previous work has determined 94 
that lacustrine conditions developed at both sites during the early to mid-Holocene, during which 95 
a series of pronounced changes in lake hydrology, vegetation dynamics and landscape stability 96 
are recorded (Parker et al., 2004, 2006; Preston et al., 2015). The site chronologies presented in 97 
these studies were based on a relatively simple age-depth model (linear interpolation), the 98 
drawbacks of which have been well documented (Telford et al., 2004; Blaauw, 2010). Street-99 
Perrott et al. (2007) highlighted the importance of applying mass accumulation rates (MAR) and 100 
understanding changes in organic, siliclastic and biogenic mineral component flux rates to 101 
sediment sequences as they overcome distortions resulting from variable sedimentation rates and 102 
dilution effects (e.g. Barker et al., 2001; Ficken et al., 2002; Cockerton et al., 2014). In this 103 
paper, we present a strengthened chronological framework for both sites based on a Bayesian 104 
age-depth model, which in turn allows the calculation of MAR and sediment flux data against 105 
which the existing palaeoclimate evidence from the region can be compared.   106 
 107 
Environmental setting: climate and geomorphology 108 
The study area is located in the northern United Arab Emirates (UAE), on the eastern margin of 109 
the Arabian Peninsula (Fig. 1). The region presently experiences an arid to hyper-arid desert 110 
climate, characterised by cool winters and hot summers. While highly variable, mean annual 111 
precipitation (~120 mm/year) is somewhat higher compared to coastal areas further to the south 112 
(e.g. ~80 mm/year in Dubai) (Parker et al., 2006), highlighting the significant orographic effect 113 
of the al-Hajar Mountains on precipitation gradients. Precipitation is highest during the winter 114 
months and is associated with MLW that originate in the Mediterranean and lead to increased 115 
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cyclogenesis throughout the eastern Mediterranean, the Red Sea and northern Arabia (Fisher and 116 
Membery, 1998). The wind regime is dominated by the low-level Shamal winds, which peak 117 
during the summer months as they blow from the northwest to southeast down the Arabian Gulf 118 
before turning clockwise across the Rub’ al-Khali (Glennie and Singhvi, 2002). The study region 119 
is located to the north of the notional summer position of the ITCZ (Fig. 1), with monsoon-120 
sourced rainfall presently limited to southern margins of the Peninsula (e.g. Yemen Highlands). 121 
 122 
The geomorphology of the northern UAE is highly varied and comprises a mixture of desert, 123 
mountain, piedmont, and coastal environments (Parker and Goudie, 2008; Preston et al., 2012). 124 
The region is largely covered by Quaternary dune features belonging to the Rub’ al-Khali sand 125 
sea (560,000 km
2
), which extend into the area between the Arabian Gulf coastline (west) and the 126 
al-Hajar Mountains (east) (Fig. 2). Provenance studies of the dune sands in the UAE have shown 127 
that both are major sources of carbonate in the region, with the latter also contributing ultramafic 128 
igneous material. Iron-rich quartz grains, derived from the Arabian continental interior, are a 129 
third major component of the region's dune sands (El-Sayed, 1999; White et al., 2001; Farrant et 130 
al., 2012). A vast bajada of alluvial fans has developed where upland drainage systems emanate 131 
from the mountain front (Fig. 2).  132 
 133 
Awafi palaeolake (25° 42' 57" N, 57° 55' 57" E; 6 m above sea level), initially revealed in the 134 
1990s as a consequence of industrial quarrying, is a flat inter-dune depression (~2 km
2
). The 135 
basin is bounded by northeast to southwest trending mega-linear ridges. There are no obvious 136 
surface inlets or outlets and so the basin is considered to have been hydrologically closed, with 137 
its main catchment area (ca. <5 km
2
) composed of the surrounding permeable dunes sands. The 138 
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current depth to groundwater in the region is estimated to be ≤15 m (Alsharhan et al., 2001; p. 139 
206). Sediment samples for this study were collected from an exposed sequence of over 2 m of 140 
stratified marls, silts and sands (Fig. 3), immediately adjacent (<1 m) to the original section 141 
analysed by Parker et al. (2004, 2006).  142 
 143 
Wahalah palaeolake (25° 38' 48" N, 55° 47' 26" E; 10 m above sea level), located approximately 144 
18 km to the southwest of Awafi, is also a dry, inter-dune depression (~2.4 km
2
). The basin is 145 
considered to have been hydrologically closed with an overall catchment area of <5 km
2
, and is 146 
bounded by mega-linear ridges. Similar to Awafi, there is no surface water at the site, with the 147 
groundwater table estimated to be well below the present day surface (≤15 m) (Alsharhan et al., 148 
2001; p. 206). Sediment samples for this study were collected from a 2 x 2 m trench dug into the 149 
centre of the basin using a mechanical digger (Fig. 4).  150 
 151 
Methods 152 
Prior to sampling, the sediment sections at both sites were cleaned and logged using standard 153 
sedimentological techniques. Contiguous 1 cm samples were then extracted for further laboratory 154 
analysis to depths of 2.55 m and 2.14 m at Awafi and Wahalah respectively. 155 
 156 
Mass specific, low frequency magnetic susceptibility (MS) measurements were made using a 157 
Bartington MS2 meter with an MS2B sensor at 0.1 SI unit sensitivity (Dearing, 1999). Dry bulk 158 
density (DBD) (g cm
-3
) was measured as the dry weight of sediment per unit volume using the 159 
method outlined in Parker (1995, pp. 67–68). Organic matter (OM) was calculated by loss-on-160 
ignition (LOI) (Heiri et al., 2001) and is reported as mass in mg cm
-2
a
-1
. Magnetic susceptibility, 161 
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DBD and OM measurements were made on each sample. For particle size analysis, samples were 162 
taken at 5 cm intervals and treated with 30% hydrogen peroxide to remove organic matter before 163 
being soaked overnight in a solution of 5% sodium hexametaphosphate in de-ionised water. 164 
Grain size distributions between 0.02 and 2000 mm were determined by laser diffraction 165 
spectrometry using a Malvern Mastersizer 2000. Major element concentrations were measured 166 
on bulk sediments using a Perkin Elmer Optima 3300RL ICP-AES, calibrated using single and 167 
multi-element standard solutions. Sample preparation followed the wet-chemical extraction 168 
procedure outlined in Engstrom and Wright (1984) and was undertaken at 2 cm intervals.   169 
 170 
A combination of AMS 
14
C and OSL dating was used to constrain the chronologies of the sites 171 
and details are provided elsewhere (Parker et al., 2006; Preston et al., 2015) (Figs. 3 and 4). 172 
Calibration of radiocarbon dates was undertaken using the Intcal13 calibration curve (Reimer et 173 
al., 2013). Age-depth modelling was performed on the 
14
C and OSL dates using the software 174 
package Bacon version 2.2 (Blaauw and Christen, 2011) with R version 3.1.2 (R Core Team, 175 
2014) (Fig. 5). Bacon uses Bayesian statistics and Markov chain Monte Carlo (MCMC) methods 176 
to reconstruct sediment accumulation histories, and estimates sedimentation times (a cm
-1
) and 177 
ages through a dated section. Sedimentation times were converted into sedimentation rates 178 
(measured in cm a
-1
) by taking the reciprocal (i.e. 1/sedimentation time) (Fig. 6). The means of 179 
the MCMC-derived age-depth models and sedimentation rate estimates were used to calculate 180 
proxy flux rates (see below). 181 
 182 
The mass accumulation rate (MAR) of sediment per sample at both sites was calculated 183 
following the method outlined in Street-Perrott et al. (2007) where MAR (g cm
-2
a
-1
) equals DBD 184 
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(g cm
-3
) multiplied by the sedimentation rate (SR) (cm a
-1
), which is related to the respective 185 
depth-age relationship. The flux of magnetic minerals was calculated as follows: FLUX = DBD 186 
x SR x ΜS. Geochemical flux values (Al, Fe, K, Si and Ti) are expressed as concentrations per 187 
unit weight of sediment and expressed in (mg cm
-2
a
-1
) and were calculated by multiplying the 188 
MAR by the concentration by weight (mg g
-1
).  189 
 190 
The data generated by the above measurements are used to reconstruct changing environmental 191 
conditions over time. Dry bulk density (DBD) is used to infer changing sediment properties, with 192 
high values indicative of higher minerogenic content. Organic matter (OM) values are primarily 193 
controlled by biological productivity, together with organic matter preservation (Meyers, 2003). 194 
Magnetic susceptibility (MS) is used to infer stability in the surrounding dune-fields, with values 195 
primarily controlled by the deposition of Fe-rich quartz during periods of dune remobilisation 196 
(Preston et al., 2012), and may in turn be linked to variations in vegetation cover, precipitation, 197 
sediment supply and/or wind strength (Tsoar, 2005; Yizhaq et al., 2009). Reduced sediment 198 
input from the catchment is also inferred by lower Al, K, Fe, Si and Ti values, which correspond 199 
to the abundance of quartz, feldspars and sheet silicates, all of which are common components of 200 
the dune sands in the northern Emirates (El-Sayed, 1999; Farrant et al., 2015). Low Na/Ti and 201 
high Al/(Ca + Na) values are used to infer lake lowering, aridity and input of aeolian material 202 
rich in Ti and Al.  203 
 204 
RESULTS 205 
The results from the multi-proxy analyses are shown in Figs. 7 and 8. The flux rates are reported 206 
using the same units in order to facilitate comparisons between the sites through time. 207 
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 208 
Awafi 209 
The base of the Awafi sequence comprises homogeneous, fine sands (210 to 160 µm), with the 210 
deposition of laminated marls with intermittent fine sands dated to ~8.3 k cal a BP. Although 211 
initially high, DBD (1.23 g cm
-3
) and MAR (0.18 g cm
-2
 a
-1
) values steadily decline until ~8.2 k 212 
cal a BP after which a marked increase is observed in sediment mass accumulation rates (MAR) 213 
(rising from 0.08 to 0.28 g cm
-2
a
-1
). A peak in detrital input occurs at ~8.1 k cal a BP with 214 
increases in the Al, Fe, K, Si and Ti. Two distinct peaks (>700) are recorded in the Na/Ti data 215 
between ~7.9 and 7.8 k cal a BP before values fall abruptly. Detrital sediment input is low 216 
between ~7.6 and 6.4 k cal a BP and is associated with reduced sediment MAR, as well as low 217 
geochemical flux values. Sediments comprise laminated marls with very fine sands and silts (105 218 
to 45 µm). Organic matter (OM) flux values are very low (~1 mg cm
-2
a
-1
) between ~7.5 and 6.4 219 
k cal a BP.  220 
 221 
Sediment MAR increases from ~6.4 k cal a BP, corresponding with a steady increase in DBD 222 
values between ~6.1 (0.46 g cm
-3
) and 5.0 k cal a BP (1.07 g cm
-3
). The MS and geochemical 223 
flux data all show increasing values from ~6.4 k cal a BP, corresponding with an abrupt increase 224 
in the sand component of the sediment. Organic matter (OM) flux shows increasing values 225 
between ~6.4 (0.68 mg cm
-2
a
-1
) and ~5.5 k cal a BP (8.02 mg cm
-2
a
-1
), before steadily declining 226 
to 2.57 mg cm
-2
a
-1 
at ~5.0 k cal a BP. Magnetic susceptibility flux values increase slowly 227 
between ~6.0 and 5.4 k cal a BP, after which a steep increase is observed to ~5.0 k cal a BP. 228 
Na/Ti values fall rapidly at ~6.0 k cal a BP from a peak of ~600. The period between ~5.0 and 229 
4.3 k cal a BP is characterised by decreasing MS flux values, reduced DBD and lower sediment 230 
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MAR. Sediments comprise very fine calcareous sands and silts (115 to 55 µm), with an overall 231 
reduction in the sand component of the sediment. A distinct 10 cm band of very fine aeolian 232 
sands (100 µm) is OSL dated to 4.10 ka. This layer corresponds with peaks in DBD, MS flux 233 
(3.0 x 10
-5
 cm a
-1
), and the sand fraction (~90%) although this is muted in the geochemical flux 234 
data.  235 
 236 
Wahalah 237 
The basal sediments at Wahalah are dated to ~9.4 k cal a BP and comprise homogeneous, fine to 238 
very fine sands (130 to 100 µm). At ~9.0 k cal a BP, the aeolian sands are replaced by laminated 239 
marls, with intermittent fine to very fine sands (220 to 100 µm). Sediment mass accumulation 240 
rates (MAR) are low at the base of the sequence (~0.05 g cm
-2
a
-1
) before values increase abruptly 241 
at ~8.4 k cal a BP, peaking at 0.13 g cm
-2
a
-1
 between ~8.2 and 8.0 k cal a BP. Magnetic 242 
susceptibility (MS) flux values are low until ~8.2 k cal a BP, when an increase to 0.12 x 10
-5
 cm 243 
a
-1
 is observed. Organic matter (OM) flux rates are initially low (0.42 mg cm
-2
 a
-1
) before rising 244 
to 1.42 mg cm
-2
 between ~8.4 and 7.9 k cal a BP. The curves for Al, Fe, K, Si and Ti all show 245 
similar patterns with moderately high values between ~9.4 and 9.0 k cal a BP, followed by a shift 246 
to lower values between ~9.0 and 8.3 k cal a BP. Distinct peaks are observed in the DBD and 247 
geochemical flux data between ~8.2 and 8.0 k cal a BP. An inverse trend is observed in the 248 
Na/Ti data, with values falling from ~400 at ~8.4 k cal a BP to ~60 at ~8.0 k cal a BP. Between 249 
~7.9 and 6.0 k cal a BP, reduced flux rates are indicated by lower MAR, with sediments 250 
comprising fine to very fine calcareous sands (170 to 90 µm). The sand component of the 251 
sediment is lowest at this time although values steadily increase from ~7.4 k cal a BP. Pulses of 252 
detrital sediment input are indicated by peaks in the MS, Al, Fe, K, Si, Ti flux data at ~7.6, ~7.2, 253 
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~6.8 and ~6.4 k cal a BP. Between ~7.8 and 7.6 k cal a BP Na/Ti values increase to ~370 before 254 
falling abruptly.  255 
 256 
Between ~5.9 and 5.2 k cal a BP there is a marked increase in DBD (from 0.78 to 1.03 g cm
-3
) 257 
coinciding with the deposition medium to fine aeolian sands (280 to 120 µm). Magnetic 258 
susceptibility flux values rise sharply from 0.09 to 0.31 x 10
-5 
cm a
-1
 at ~5.9 k cal a BP and 259 
remain high until ~5.2 k cal a BP. A peak (>90%) is observed in the sand component of the 260 
sediment at ~5.7 k cal a BP. Organic matter (OM) flux rates decline to ~0.27 mg cm
-2
 a
-1
 and 261 
remain low throughout the rest of the sequence. Al, Fe, K, Si and Ti flux values all rise abruptly, 262 
whilst Na/Ti values decline to ~30, the lowest of the sequence. After ~5.0 k cal a BP detrital 263 
sediment input is reduced, as denoted by the decreases in the MS, Al, Fe, K, Si, Ti flux values 264 
and the Al/(Ca+Na) data. Sediments comprise fine to very fine calcareous sands (190 to 120 265 
µm). Between ~4.2 and 3.9 k cal a BP MS flux values increase from 0.07 to 0.31 x 10
-5
 cm a
-1
 266 
with values then falling to 0.18 x 10
-5
 cm a
-1
 at ~3.8 k cal a BP. Al, Fe, K, Si and Ti flux values 267 
all increase at this time. Al/(Ca+Na) values increase from 0.11 to 0.45 between ~4.3 and 4.1 k 268 
cal a BP.  269 
 270 
DISCUSSION 271 
The records derived from the Awafi and Wahalah sediment sequences are well documented 272 
(Parker et al., 2004, 2006; Parker and Goudie, 2008; Preston et al., 2015) and have in turn raised 273 
important palaeoclimatic questions. Evidence from both sites supports the notion that aridity 274 
prevailed throughout SE Arabia during the LGM and earliest Holocene (Parker, 2010; Farrant et 275 
al., 2015), with a large number of OSL-dated dune records suggesting increased accumulation 276 
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and preservation between ~16 and 9 ka (Leighton et al., 2014) (Fig. 9). At Awafi, 7 m of dune 277 
accumulation occurred between 13.5 and 9.1 ka (1.60 m ka
-1
) (Goudie et al., 2000) and at 278 
Wahalah two dune sequences yielded a net accumulation rate of 3 to 4 m ka
-1
 between 15.9 and 279 
10.3 ka (Atkinson et al., 2011; Leighton et al., 2014). The accumulation of sands and the higher 280 
flux levels at the base of both sequences support the notion that the surrounding dunes were 281 
active prior to, and possibly during, the initial flooding of each basin. Marine records from the 282 
Arabian Sea (74KL) show increased Fe values (Fig. 9), implying that aeolian input from the 283 
Arabian interior was greater at this time (Sirocko et al., 1993). 284 
 285 
The revised chronologies for Awafi and Wahalah reinforce the notion that the shift to humid 286 
conditions during the EHHP was not synchronous across the Peninsula. For example, lacustrine 287 
deposits date the onset of wetter conditions to ~11.0 k cal a BP at al-Hawa, Ramlat as-Sab’atayn, 288 
Yemen, (Lézine et al., 2007), 10.5 ka at Maqta, al-Hajar Mountains, Oman (Fuchs and Buerkert, 289 
2008), and ~9.7 k cal a BP at Mundafan, Rub’ al-Khali, Saudi Arabia (Rosenberg et al., 2011). 290 
Comparatively later ages are reported from lacustrine deposits at Tayma, An Nafud, Saudi 291 
Arabia (~9.2 k cal a BP) (Dinies et al., 2015) and in the Wahiba Sands, Oman (9.3 ka) (Radies et 292 
al., 2005). The refined chronologies presented here reveal a modified pattern of lake 293 
development at Wahalah from that described in Preston et al. (2015), with lacustrine 294 
sedimentation commencing ~500 years earlier at ~9.0 k cal a BP. Nonetheless, the new 295 
chronologies reaffirm the notion that both sites are out-of-step with many of the palaeoclimate 296 
records listed above. The reason for this is unclear, although as outlined in Preston et al. (2015), 297 
it does not necessarily imply a continuation of aridity in the region. The later onset of lacustrine 298 
sedimentation at Awafi (~8.3 k cal a BP) suggests that local factors, possibly related to changing 299 
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basin and catchment topography, were more conducive to lake formation at Wahalah during the 300 
early Holocene. In this respect it is noted that dune accumulation ceased somewhat later at Awafi 301 
(9.1 ka) compared to Wahalah (10.3 ka) (Goudie et al., 2000; Atkinson et al., 2011). We also 302 
acknowledge that there is some overlap between the revised ages at the 95% (2σ) confidence 303 
level. At Wahalah, the new age-depth model yields a mean age of 9009 cal a BP (8516 – 9804 304 
cal a BP, 2σ) at 2.06 m. At Awafi, a mean age of 8305 cal a BP (8110 - 8577 cal a BP, 2σ) was 305 
derived at 2.50 m. These depths (2.06 and 2.50 m) mark the onset of marl sedimentation at each 306 
site. The possibility that lacustrine sedimentation commenced simultaneously at the two sites is 307 
thus statistically possible. 308 
 309 
Palaeoclimate studies have until recently suggested that the timing of the transition to humid 310 
conditions during the EHHP varies according to latitude, reflecting the steady northward shift of 311 
the summer ITCZ and associated monsoon rainfall belt into Arabia during the early Holocene 312 
(Fleitmann et al., 2007) in response to orbital forcing (Parton et al., 2015). This argument is 313 
consistent with the Omani speleothem records, which suggest that monsoon rainfall reached 314 
southern Oman (Qunf Cave) by 10.6 ka and northern Oman (Hoti Cave) by 10.1 ka (Fleitmann et 315 
al., 2007) (Fig. 9). Despite the absence of speleothem evidence supporting the displacement of 316 
the summer ITCZ as far as 27°N (Rosenberg et al., 2013), isotopic analysis of early Holocene 317 
groundwater samples from the Liwa and Gachsaran aquifers, UAE (23 to 24°N) suggests a 318 
southerly moisture source (Wood, 2010). Indeed, recent palaeoclimate modelling highlights the 319 
potential importance of moisture derived from the African monsoon system during interglacial 320 
phases (Rosenberg et al., 2013; Jennings et al., 2015). These models estimate an annual 321 
precipitation level of between 300 and 600 mm in the study region at 130 ka (Fig 3, Jennings et 322 
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al., 2015). Furthermore, they suggest that moisture derived from both Indian and African 323 
monsoon systems reached the study area during the last interglacial, increasing precipitation 324 
between May and December (Jennings et al., 2015). The development of this precipitation 325 
regime between ~9.0 and 8.0 k cal a BP, when most palaeoclimate records suggest peak 326 
monsoon activity, may have triggered a threshold response in both lake systems. The 327 
contribution of MLW rainfall, particularly throughout northern Arabia where such systems are 328 
important today, also warrants further investigation (Preston et al., 2015) although the above 329 
palaeoclimate models suggest that rainfall from these systems was low in comparison to 330 
monsoon-derived sources during the last interglacial (Jennings et al., 2015).  331 
 332 
Palaeoclimate records indicate maximum humidity throughout Arabia between 9.0 and 7.0 k cal 333 
a BP (Berger et al., 2012), a finding consistent with the evidence discussed here. At Wahalah, 334 
Preston et al. (2015) suggest the development of permanent lacustrine conditions between ~8.5 335 
and 7.7 k cal a BP (revised chronology; ~9.0 – 7.6 k cal a BP) based on the microfaunal evidence 336 
from the site, whereas a peak in scrub woodland taxa (primarily Acacia and Prosopis) is 337 
recorded in the Awafi pollen data at this time (Parker et al., 2004). The evidence presented here 338 
suggests that the EHHP (~9.0 and 6.4 k cal a BP) was characterised by overall landscape 339 
stability, with the lower flux values suggested to reflect the stabilisation of dunes as conditions 340 
became wetter. Leighton et al. (2014) demonstrated that dune records from SE Arabia show an 341 
abrupt fall in net dune accumulation rates at this time (Fig. 9). During much of the EHHP, the 342 
potential for the Rub’ al-Khali dune fields to supply sediment would have been limited owing to 343 
the wetter conditions, the stabilising vegetation cover (Parker et al., 2004), and the flooding of 344 
the Arabian Gulf basin (Lambeck, 1996). Despite this, both records reveal several short-lived 345 
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phases of increased detrital sediment flux, the most prominent of which is dated between ~8.3 346 
and 7.9 k cal a BP. At Awafi, Parker et al. (2004) reported an increase in the C4 vegetation 347 
component at this time, which was suggested to be a response to increased aridity (Parker et al., 348 
2004). Although this event is recorded in the Wahalah DBD and concentration (ppm) 349 
geochemical data reported in Preston et al. (2015), it is not as pronounced as it appears in the 350 
new data, in particular the new MS flux data. These differences highlight the benefit of MAR 351 
and sediment flux data in identifying abrupt, short-term events that otherwise appear muted or 352 
are missed in sediment records owing to variable sedimentation rates or dilution effects. Abrupt 353 
climatic change around this time has been documented in the African Tropics (Street-Perrott and 354 
Perrott, 1990), the Near East (Bar-Matthews et al, 2003), the Arabian Sea (Gupta et al., 2003), 355 
and the Thar desert (Dixit et al., 2014a). Corresponding phases of reduced precipitation are also 356 
noted in the Omani speleothem δ
18
O data (Fleitmann et al., 2007) (Fig. 9), supporting the notion 357 
that the event led to large amplitude hydrological changes. In SE Arabia we suggest that positive 358 
biophysical non-linear feedback led to a prolonged phase of increased aridity, loss of vegetation, 359 
increased wind strength or a combination of these factors. Pulses of increased detrital sediment 360 
flux are also observed at Wahalah at ~7.6, ~7.2, ~6.8 and ~6.4 k cal a BP, with the earliest event 361 
also observed at Awafi. These events were insufficient to initiate large-scale dune accumulation 362 
throughout SE Arabia (Leighton et al., 2014) (Fig. 9).  363 
 364 
The termination of the EHHP is characterised by considerable temporal heterogeneity, with 365 
Arabian palaeoclimate records broadly divided into: (a) those that show a gradual decrease in 366 
rainfall from ~8.0 k cal a BP and (b) those that show a more abrupt change at ~6.0 k cal a BP 367 
(Rampelbergh et al., 2013). The records from this study fall into the latter category, with aridity 368 
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at both sites more sustained between ~6.4 and 5.0 k cal a BP than at any point during the EHHP. 369 
At Awafi a steady increase in detrital sediment flux is recorded from ~6.4 k cal a BP, 370 
corresponding with a change to reduced vegetation cover with a greater C4 component (Parker et 371 
al., 2004). The increase in OM in the Awafi record between ~6.4 and 5.5 k cal a BP may reflect a 372 
shallowing of the water body to more marshy conditions, the input of organic matter derived 373 
from the erosion and deflation of early Holocene soil material into the basin or a combination of 374 
both. This phase of aridity peaked between ~5.2 and 5.0 k cal a BP. In contrast, at Wahalah a 375 
more abrupt change is observed, with peaks in DBD, MS, Al, Fe, K, Si and Ti flux values 376 
between ~5.9 and 5.2 k cal a BP. This coincides with a rapid phase of dune accumulation at the 377 
site, with 4 m of sand deposited between 5.9 and 5.2 ka (5.9 m ka
-1
) (Atkinson et al., 2011). 378 
Leighton et al. (2014; p. 11) suggest that the increase in aeolian activity occurred (Fig. 9) 379 
following a ‘breached threshold of sediment availability as moisture levels fell’, with increasing 380 
sediment availability most likely due to the loss of vegetation. Marine records from the Gulf of 381 
Oman show a small peak in dolomite at ~5.1 k cal a BP as a consequence of increased 382 
terrigenous dust input from the Arabian interior (Cullen et al., 2000) (Fig. 9). The contrasting 383 
responses of the Awafi and Wahalah lake records suggest differential sensitivities to increasing 384 
aridity, with overall higher precipitation at the former site owing to its closer proximity to the 385 
mountain front. 386 
 387 
The termination of the EHHP is widely linked to the steady southward movement of the summer 388 
ITCZ from ~8.0 k cal a BP in response to declining solar insolation (Fig. 9), a theory consistent 389 
with evidence from the Qunf Cave speleothem record (Fleitmann et al., 2007), as well as 390 
sedimentary cores from the Arabian Sea (Sirocko et al., 1993; Gupta et al., 2003), which show a 391 
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gradual trend towards dry conditions in the Arabian interior (Fig. 9). Whilst the lake records 392 
discussed in this paper show a more abrupt shift as they became disconnected from southerly 393 
summer rainfall during the mid-Holocene (Rampelbergh et al., 2013), the sediment archives 394 
from both sites reveal long-term changes from ~8.0 k cal a BP. At Wahalah, Preston et al. (2015) 395 
noted a decline in microfauna (e.g. ostracods and gastropods) at ~7.7 k cal a BP (new 396 
chronology; ~7.6 k cal a BP), possibly reflecting a shift from permanent to intermittent 397 
conditions at the site. At Awafi, Parker et al. (2004) documented a decline in woody vegetation 398 
and a small increase in xeric taxa at approximately the same time, broadly corresponding with 399 
the abrupt decline in the Na/Ti data from this study. It is thus possible that these changes mark 400 
the onset of a progressive decline in precipitation, with rainfall from southern sources reaching 401 
the region less frequently after ~8.0 k cal a BP until a threshold was crossed between ~6.4 and 402 
5.9 k cal a BP, triggering a widespread landscape reconfiguration. This view is supported by the 403 
abrupt positive shift in the Hoti Cave δ
18
O speleothem record at 6.3 ka, which is suggested to 404 
reflect a change from a southern (monsoon) to a northern (MLW) moisture source (Fleitmann et 405 
al., 2007). Despite this, we propose that the termination of the EHHP cannot solely be explained 406 
by a simple south – north precipitation gradient. Indeed, the estimated position of the summer 407 
ITCZ during the early to mid-Holocene varies between studies (Pietsch and Kühn, 2012), with 408 
records from eastern areas of the Peninsula (e.g. Parker et al., 2006; Fleitmann et al., 2007; 409 
Fuchs and Buerkert, 2008) generally suggesting a more northerly position later into the Holocene 410 
than those in the southwest (e.g. Pietsch and Kühn, 2012). This is further complicated by the 411 
potential influence of the African monsoon system, with an associated west – east precipitation 412 
gradient across Arabia (Jennings et al., 2015). The importance of orography must also be 413 
considered, with records from or close to mountainous regions benefitting from increased 414 
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precipitation and runoff. Indeed, the orographic effects of the al-Hajar Mountains have already 415 
been discussed and are evident in palaeoclimate models (Jennings et al., 2015). A final 416 
consideration is the role played by MLW systems at the end of the EHHP. A shift to higher δ
18
O 417 
values in the Soreq Cave speleothem record (Bar-Matthews et al., 2003) and termination of the 418 
Hoti Cave record at 5.3 ka (Fleitmann et al., 2007) (Fig. 9) suggests a decline in this source of 419 
moisture during the mid-Holocene although the evolution of MLW rainfall (e.g. spatial 420 
extension) is not yet precisely defined (Berger et al., 2012).  421 
 422 
Following the termination of the EHHP (~6.4 to 5.0 k cal a BP), both records show a reduction 423 
in detrital sediment flux between ~5.0 and 4.3 k cal a BP, corresponding with lower net 424 
accumulation rates throughout the northeastern UAE (Leighton et al., 2014) (Fig. 9). These 425 
changes have previously been suggested to represent a short-term humid phase, the mid-426 
Holocene humid period (MHHP), during which both the Awafi and Wahalah basins contained 427 
shallow, intermittent waters (Parker et al., 2006; Preston et al., 2015). An increase in the C4 428 
vegetation (Parker et al., 2004) suggests that the prevailing climate between ~5.0 and 4.3 k cal a 429 
BP was drier than between ~9.0 and 6.4 k cal a BP. Based on the current palaeoclimate evidence, 430 
it remains unclear whether this was a regional or more localised phase. Indeed, aside from the 431 
lake records presented here, very few archives show humid conditions at this time and those that 432 
do are predominately located in the southwest of the Peninsula (e.g. soil development in the 433 
Dhamar Highlands) where rainfall remains higher today (Davies et al., 2006). Since no 434 
palaeomonsoon records show a re-advance of the ITCZ at this time, we propose these humid 435 
conditions were primarily driven by increased MLW precipitation. An increase in MLW 436 
precipitation at this time is not consistent with the hiatus in the Hoti Cave speleothem record 437 
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between 5.3 and 2.6 ka (Fleitmann et al., 2007) although a brief humid phase is recorded in the 438 
Soreq Cave speleothem record between 4.8 and 4.7 ka (Bar-Matthews and Ayalon, 2011). 439 
Determining the spatial extent of the MHHP is challenging owing to possible removal of 440 
sediments by erosional processes during the predominately arid conditions that have prevailed 441 
since the mid-Holocene, with evidence only preserved at sites protected from the effects of such 442 
processes (e.g. archives at higher elevations, in areas of high groundwater, etc.). The deposition 443 
of aeolian sand in the Awafi lake basin at 4.10 ka marks the total desiccation of the water body. 444 
A corresponding increase in detrital sediment flux is recorded at Wahalah, with a peak in activity 445 
dated between ~4.2 and 3.9 k cal a BP. At Al Ain, UAE, 7 m of dune accumulation occurred 446 
between 4.4 and 4.1 ka giving a net accumulation rate of 26 m ka
-1 
(Atkinson et al., 2011). This 447 
event has a global signature and is identified in palaeoclimate records throughout Arabia (Arz et 448 
al., 2006; Berger et al., 2012), as well as other areas influenced by the monsoon system (Street-449 
Perrott and Perrott, 1990; Cullen et al., 2000; Staubwasser et al., 2003; Tierney and deMenocal, 450 
2013; Dixit et al., 2014b) (Fig. 9).  451 
 452 
Previous studies have highlighted a potential link between abrupt events identified in the Awafi 453 
and Wahalah sediment records and Bond Events (Bond et al., 1997) driven by reduced sea 454 
surface temperatures (SST) in the North Atlantic (Parker et al., 2006; Preston et al., 2015). 455 
Indeed, the abrupt increases in detrital sediment flux identified in this study between ~8.3 and 456 
7.9 k cal a BP, at 5.9 k cal a BP, and between ~ 4.3 and 3.9 k cal a BP fall within periods of rapid 457 
climate change identified by Mayewski et al. (2004), which were typically characterised by 458 
reduced temperatures at high latitudes, increased aridity throughout the lower latitudes, and 459 
major changes to atmospheric circulation, including reduced monsoon intensity. We propose that 460 
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in SE Arabia these events drove threshold changes across the landscape, with resultant 461 
fluctuations in lake levels, sediment availability and flux rates. 462 
 463 
Conclusions 464 
Sediment flux data from SE Arabia show the sensitivity of high-resolution terrestrial records 465 
from this region. The revised chronologies presented in this paper reaffirm the notion that the 466 
Awafi and Wahalah records are out-of-step with other palaeoclimate records from Arabia. This 467 
may partly reflect the gradual northwards migration of the summer ITCZ and associated Indian 468 
monsoon rains during the EHHP (~9.0 to 6.4 k cal a BP) although the contribution of moisture 469 
derived from the African monsoon system as well as MLW at this time remains uncertain and 470 
warrants further investigation. Despite maximum lake expansion, vegetation cover, and overall 471 
landscape stability during the EHHP, several pulses of increased detrital sediment input are 472 
recorded at the study sites, the most prominent dates between ~8.3 and 7.9 k cal a BP, and are 473 
suggested to reflect short-lived phases of increased aridity. The termination of the EHHP is 474 
linked to southwards migration of the summer ITCZ to its present position from ~8.0 k cal a BP. 475 
The abrupt changes observed at both sites between ~6.4 and 5.9 k cal a BP may reflect a 476 
threshold response of the landscape to this long-term decrease in precipitation, with aridity 477 
peaking between ~5.2 and 5.0 k cal a BP. This was followed by a period of reduced detrital 478 
sediment flux during the MHHP (~5.0 to 4.3 k cal a BP), which is suggested to reflect a brief 479 
return to more humid conditions. The spatial extent of the proposed increase in moisture remains 480 
unclear. The termination of the MHHP is marked by an abrupt increase in detrital sediment flux 481 
in both records between ~4.3 to 3.9 k cal a BP. This event, as well as the suggested increases in 482 
aridity between ~8.3 and 7.9 and at ~5.9 k cal a BP, is coeval with phases of rapid global climate 483 
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change, which appear to have driven non-linear changes throughout the SE Arabian landscape 484 
characterised by dune reactivation, lake lowering and vegetation loss. 485 
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FIGURE CAPTIONS  785 
Figure 1: Map of the Arabian Peninsula showing the location of Awafi palaeolake (25° 42' 57" 786 
N, 57° 55' 57" E; 2 km
2
), Wahalah palaeolake (25° 38' 48" N, 55° 47' 26" E; 2.4 km
2
) and other 787 
key sites mentioned in the text. The relative atmospheric circulation patterns associated with the 788 
modern climate systems are shown. The dotted line indicates the approximate position of the 789 
Intertropical Convergence Zone (ITCZ) during the summer.  790 
 791 
Figure 2: Satellite image showing the geomorphological setting of the northern UAE and the 792 
locations of the Awafi and Wahalah palaeolake basins. The solid lines represent the axes of the 793 
region’s mega-linear dune ridges. The dotted lines show the distribution of alluvial fan deposits. 794 
Source of satellite image: Google Earth.  795 
 796 
Figure 3: The Awafi sediment section showing the main stratigraphic units and the calibrated and 797 
uncalibrated ages.  798 
 799 
Figure 4: The Wahalah sediment section showing the main stratigraphic units and the calibrated 800 
and uncalibrated ages.  801 
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 802 
Figure 5: Age-depth plots for (a) Wahalah and (b) Awafi. Blue symbols (on-line version) show 803 
the 
14
C and OSL dates and their associated uncertainties. Solid lines are the mean MCMC-804 
derived age-depth models and the dashed lines are the 95% confidence intervals. 805 
 806 
Figure 6: Sedimentation rates for (a) Wahalah and (b) Awafi with ages derived from the mean 807 
age-depth model for each site (refer to Fig. 5). Solid lines are the mean MCMC-derived 808 
sedimentation rates and dashed lines are the 95% confidence intervals. 809 
 810 
Figure 7: Sediment flux records for Awafi showing the key palaeoclimatic periods. The darker 811 
grey bands indicate periods of increased sediment flux and climatic aridity as discussed in the 812 
text.  813 
 814 
Figure 8: Sediment flux records for Wahalah showing the key palaeoclimatic periods. The darker 815 
grey bands indicate periods of increased sediment flux and climatic aridity as discussed in the 816 
text.  817 
 818 
Figure 9: Comparison of palaeoclimate records from Arabia and surrounding regions (refer to 819 
Fig. 1 for the location of each site): (1) Insolation at 30°N (Berger and Loutre, 1991), (2) Dune 820 
net accumulation rates from SE Arabia (Leighton et al., 2014), (3) Wahalah MS signal (10
-5
 cm 821 
a
-1
), (4) Wahalah Ti flux record (mg cm
-2
a
-1
), (5) Awafi MS signal (10
-5
 cm a
-1
), (6) Awafi Ti 822 
flux record (mg cm
-2
a
-1
), (7) δ
18
O Soreq Cave speleothem record (Bar-Matthews et al., 2003), (8) 823 
δ
18
O Hoti Cave speleothem record (‰) (Neff et al., 2001), (9) δ
18
O Qunf Cave speleothem 824 
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record (‰) (Fleitmann et al., 2007), (10) Iron (ppm) record from core 74KL, Arabian Sea 825 
(Sirocko et al., 1993), (11) Dolomite (%) record from core M5-422, Gulf of Oman (Cullen et al., 826 
2000), (12) Globigerinoides ruber δ
18
O from core 63KA, Arabian Sea (Staubwasser et al., 827 
2003), (13) δDwax record from core P178-15P, Gulf of Aden (Tierney and deMenocal, 2013). 828 
The key palaeoclimatic periods discussed in the text are shown.  829 
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Figure 1: Map of the Arabian Peninsula showing the location of Awafi palaeolake (25° 42' 57" N, 57° 55' 57" 
E ; 2 km2), Wahalah palaeolake (25° 38' 48" N, 55° 47' 26" E ; 2.4 km2) and other key sites mentioned in 
the text. The relative atmospheric circulation patterns associated with the modern climate systems are 
shown. The dotted line indicates the approximate position of the Intertropical Convergence Zone (ITCZ) 
during the summer.  
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Figure 2: Satellite image showing the geomorphological setting of the northern UAE and the locations of the 
Awafi and Wahalah palaeolake basins. The solid lines represent the axes the region’s mega-linear dune 
ridges. The dotted lines show the distribution of alluvial fan deposits. Source of satellite image: Google 
Earth.  
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Figure 3: The Awafi sediment section showing the main stratigraphic units and the calibrated and 
uncalibrated ages.  
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Figure 4: The Wahalah sediment section showing the main stratigraphic units and the calibrated and 
uncalibrated ages.  
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Figure 5: Age-depth plots for (a) Wahalah and (b) Awafi. Blue symbols (on-line version) show the 14C and 
OSL dates and their associated uncertainties. Solid lines are the mean MCMC-derived age-depth models and 
the dashed lines are the 95% confidence intervals.  
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Figure 6: Sedimentation rates for (a) Wahalah and (b) Awafi with ages derived from the mean age-depth 
model for each site (refer to Fig. 5). Solid lines are the mean MCMC-derived sedimentation rates and dashed 
lines are the 95% confidence intervals.  
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Figure 7: Sediment flux records for Awafi showing the key palaeoclimatic periods. The darker grey bands 
indicate periods of increased sediment flux and climatic aridity as discussed in the text.  
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Figure 8: Sediment flux records for Wahalah showing the key palaeoclimatic periods. The darker grey bands 
indicate periods of increased sediment flux and climatic aridity as discussed in the text.  
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Figure 9: Comparison of palaeoclimate records from Arabia and surrounding regions (refer to Fig. 1 for the 
location of each site): (1) Insolation at 30°N (Berger and Loutre, 1991), (2) Dune net accumulation rates 
from SE Arabia (Leighton et al., 2014), (3) Wahalah MS signal (10-5 cm a-1), (4) Wahalah Ti flux record 
(mg cm-2a-1), (5) Awafi MS signal (10-5 cm a-1), (6) Awafi Ti flux record (mg cm-2a-1), (7) δ18O Soreq 
Cave speleothem record (Bar-Matthews et al., 2003), (8) δ18O Hoti Cave speleothem record (‰) (Neff et 
al., 2001), (9) δ18O Qunf Cave speleothem record (‰) (Fleitmann et al., 2007), (10) Iron (ppm) record 
from core 74KL, Arabian Sea (Sirocko et al., 1993), (11) Dolomite (%) record from core M5-422, Gulf of 
Oman (Cullen et al., 2000), (12) Globigerinoides ruber δ18O from core 63KA, Arabian Sea (Staubwasser et 
al., 2003), (13) δDwax record from core P178-15P, Gulf of Aden (Tierney and deMenocal, 2013). The key 
palaeoclimatic periods discussed in the text are shown.  
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